Cerebral plasticity-inducing approaches like repetitive transcranial magnetic stimulation (rTMS) are of high interest in situations where reorganization of neural networks can be observed, e.g., after stroke. However, an increasing number of studies suggest that improvements in motor performance of the stroke-affected hand following modulation of primary motor cortex (M1) excitability by rTMS shows a high interindividual variability. We here tested the hypothesis that in stroke patients the interindividual variability of behavioral response to excitatory rTMS is related to interindividual differences in network connectivity of the stimulated region. Chronic stroke patients (n = 14) and healthy controls (n = 12) were scanned with functional magnetic resonance imaging (fMRI) while performing a simple hand motor task. Dynamic causal modeling (DCM) was used to investigate effective connectivity of key motor regions. On two different days after the fMRI experiment, patients received either intermittent theta-burst stimulation (iTBS) over ipsilesional M1 or control stimulation over the parieto-occipital cortex. Motor performance and TMS parameters of cortical excitability were measured before and after iTBS. Our results revealed that patients with better motor performance of the affected hand showed stronger endogenous coupling between supplemental motor area (SMA) and M1 before starting the iTBS intervention. Applying iTBS to ipsilesional M1 significantly increased ipsilesional M1 excitability and decreased contralesional M1 excitability as compared to control stimulation. Individual behavioral improvements following iTBS specifically correlated with neural coupling strengths in the stimulated hemisphere prior to stimulation, especially for connections targeting the stimulated M1. Combining endogenous connectivity and behavioral parameters explained 82% of the variance in hand motor performance observed after iTBS. In conclusion, the data suggest that the individual susceptibility to iTBS after stroke is influenced by interindividual differences in motor network connectivity of the lesioned hemisphere.
Introduction
Recovery of function after stroke is driven by reorganization of neural networks in both the lesioned and unaffected hemispheres (Cramer, 2008) . However, spontaneous recovery after stroke often remains incomplete (Kolominsky-Rabas et al., 2006) . One strategy to improve the functional outcome of patients suffering from brain lesions is to modulate cerebral plasticity by means of non-invasive brain stimulation such as, e.g., repetitive transcranial magnetic stimulation (rTMS) (Ridding and Rothwell, 2007) . Although to date a direct proof is missing, increasing evidence exist that rTMS-effects are mediated by changes in synaptic transmission (Funke and Benali, 2011; Hoogendam et al., 2010) . One specific strategy to ameliorate motor impairments in stroke patients is to enhance cortical excitability of the motor cortex in the lesioned hemisphere (Khedr et al., 2005) . An effective protocol of rTMS to induce such increase in excitability of the motor cortex following a relatively short (i.e., 3.5 min) stimulation period is intermittent theta-burst stimulation (iTBS) (Huang et al., 2005) .
Consequently, proof-of-principle studies have been able to demonstrate that iTBS applied to ipsilesional M1 improve hand motor function in stroke patients (Ackerley et al., 2010; Hsu et al., 2012; Talelli et al., 2007b) . A major issue, however, with rTMS (including iTBS) induced cerebral plasticity is high inter-individual variability of the effects induced in both healthy subjects (Daskalakis et al., 2006; Hamada et al., 2013; Muller-Dahlhaus et al., 2008) and stroke patients (Ameli et al., 2009; Grefkes and Fink, 2012) . For example, Hamada et al. (2013) demonstrated that application of iTBS in healthy subjects leads to an increase of motor-cortical excitability in only 52% subjects, while the other half responded in an opposite way with a decrease of excitability. Likewise, Ameli et al. (2009) reported that in patients suffering from cortical strokes, only half of them showed behavioral improvements after 10 Hz rTMS while the other half even deteriorated with their stroke affected hands. Such opposed stimulation after-effects are likely to contribute to absent overall effects across the entire group (Hamada et al., 2013) .
Apart from known sources of response variability following iTBS like age (Freitas et al., 2011) , genetic polymorphisms of the brain-derived neurotrophic factor (Cheeran et al., 2008; Kleim et al., 2006) and technical aspects such as the direction of current flow, the intensity of stimulation and the number of pulses applied (Gamboa et al., 2010; Gentner et al., 2008; Talelli et al., 2007a) , clinical factors like lesion location, degree of neurological impairment and time since stroke are also likely to impact on the response to rTMS . For example, several studies demonstrated that patients with subcortical lesions have a higher probability to improve after rTMS than patients with cortical lesions (Ameli et al., 2009; Hsu et al., 2012) . Moreover, the pathomechanisms underlying stroke-induced motor deficits do not only depend on direct tissue damage due to ischemia, but might also comprise network disturbances remote from the stroke lesion Fink, 2011, 2014) . Thus, changes in network interactions are likely to constitute another important factor for the evolution of rTMS-aftereffects as TMS does not only interfere with neural tissue of the stimulated hemisphere but also with neural activity levels of regions that are interconnected with the stimulation site (Bestmann et al., 2005) .
Hence, there is good reason to assume that specific inter-individual differences (or abnormalities post-stroke) in network connectivity might -at least in part -influence response to rTMS. Support for this hypothesis stems from studies with patients suffering from dystonia in which reduced functional connectivity between premotor cortex and M1 was indicative for responding to rTMS (Huang et al., 2010; Quartarone et al., 2003) . Furthermore, changes in motor-evoked potential (MEP) amplitudes following rTMS have been shown to be associated with higher effective connectivity between supplementary motor area (SMA), ventral premotor cortex (vPMC) and M1 of the stimulated hemisphere (Cardenas-Morales et al., 2014) .
Therefore, in stroke patients, the variability of the individual response to plasticity-inducing intervention might depend on how the stimulation interacts with the pre-existing connectivity in a given functional network, e.g., the motor system. In order to identify factors that are associated with a positive behavioral effect in response to intermittent theta burst stimulation (here: iTBS) applied to ipsilesional M1, we used a multimodal approach consisting of clinical scales, electrophysiological parameters measured using single-and paired-pulse TMS, as well as functional magnetic resonance imaging (fMRI) and dynamic causal modeling (DCM) to assess effective connectivity of the cortical motor network. We reasoned that the systems level perspective offered by DCM might be useful for identifying predictors that indicate whether or not a patient will respond to non-invasive brain stimulation given that (i) focal brain stimulation also impacts on activity levels of areas connected to the stimulation site (Bestmann et al., 2003; Grefkes et al., 2010) and (ii) recovery of motor function depends on changes in the entire motor network rather than changes in M1 only (Rehme et al., 2012; Ward et al., 2003) . Here, especially the coupling strengths between ipsilesional M1 and premotor areas might be indicative for the behavioral after-effect of iTBS given the role of these connections in motor performance in both healthy subjects and stroke Rehme et al., 2011a) .
Methods

Subjects
We recruited 14 chronic stroke patients (mean age: 62.8 ± 10.3 years; 10 males) with ischemic lesions (10 right-sided; Suppl. Fig. S1 ) and 12 healthy controls (58.5 ± 5.9 years; 6 males; Table 1 ). Inclusion criteria for the patient group were: (i) stable unilateral hand motor deficit, (ii) at least 12 months after stroke (i.e., chronic stage), (iii) absence of aphasia, neglect, and/or apraxia, and (iv) no mirror movements of the unaffected hand during movements of the affected hand (assessed by first interviewing the patient and later by neurological examination and specific motor tests, see below). Three different scales were used to assess clinical impairment of patients: (i) the modified Rankin scale (mRS; rating scale for general disability), (ii) the National Institutes of Health Stroke Scale (NIHSS; rating scale for the presence of neurological symptoms frequently observed in stroke patients), and (iii) the Action Research Arm Test (ARAT; rating scale for hand motor functions like reaching and grasping).
Healthy controls had no history of neurological or psychiatric disease. Please note that the control subjects did not receive iTBS, but rather served as reference for physiological brain activations, brain connectivity and TMS parameters.
One subject in each group was left-handed according to the Edinburgh Handedness Inventory (EHI) (Oldfield, 1971) . All remaining subjects were strongly right-handed. EHI was assessed for the time before stroke in patients. None of the subjects had any contraindication to TMS (Wassermann, 1998) . All subjects provided informed written consent in accordance with the Declaration of Helsinki (1969, last revision 2008) and approved by the local ethics committee.
Experimental design
The fMRI experiments were conducted on a separate day before the TBS sessions. Control subjects served as a reference group for TMS parameters and DCM effective connectivity at baseline but did not receive TBS interventions. For the TBS interventions we implemented a sham-controlled within-subject design, in which all patients received two different TBS interventions separated by at least one day to prevent carry-over effects (Fig. 1 ).
Behavioral and electrophysiological parameters were assessed for each hand/hemisphere before and after each TBS session. The target muscle for MEP recordings was the first dorsal interosseus (FDI). MEP amplitudes of the right and left FDI muscle were measured using Ag/ AgCl surface electrodes (Tyco Healthcare, Neustadt, Germany) in a bellytendon montage. The electromyographic (EMG) signal was amplified, filtered (0.5 Hz high pass and 30-300 Hz bandpass), and digitized with a Powerlab 26T device and the LabChart software package version 6.0 (ADInstruments Ltd., Dunedin, New Zealand).
Theta-burst stimulation (TBS)
Patients received intermittent TBS (iTBS) at the following stimulation sites on two different days: (i) ipsilesional M1 (TMS motor hotspot of the FDI in the stroke-affected hemisphere), and (ii) control stimulation applied to the parieto-occipital vertex (Fig. 1 ). The iTBS protocol was according to the original publication by Huang et al. (2005) . The stimulation order of a given subject ("real-sham" or "sham-real") was not completely randomized as this could have resulted in a strong clustering of stimulation orders given the low number of subjects. Instead, we defined the stimulation orders of the sample beforehand, resulting in not more than three identical stimulation orders (e.g. "realsham") in consecutive subjects across the entire sample. Stimulation was performed using a Magstim Super Rapid 2 stimulator connected to a standard 70 mm figure-of-eight TMS coil (Magstim, Whitland, UK). During M1-iTBS, the handle of the TMS coil was pointing posterior and approximately 45°away from the midsagittal line. Hence, the TMSinduced electric current in the brain was approximately perpendicular to the central sulcus, which has been demonstrated to be optimal for excitation of motor neurons (Mills et al., 1992) . To reduce possible cortical stimulation effects in the control condition, the coil was held at 45°, touching the skull not with the center but with the rim opposite the handle. In this position, the coil-cortex distance is substantially larger such that the electromagnetic field, if at all reaching the cortex, is substantially weaker and far outside the target (Herwig et al., 2010; Herwig et al., 2007) . Of note, we here used a between-subject design of TMS-naïve patients, so there was no prior knowledge that allowed the patients to differentiate between M1-and control-stimulation.
The stimulation intensity was set to 80% active motor threshold (AMT) of the FDI of the stroke-affected hand in both conditions (Huang et al., 2005) . Subjects were instructed to avoid any muscle contraction during and up to 5 min after iTBS, which was verified by monitoring EMG activity. In addition to resting and active motor thresholds (Rossini et al., 1994) , we used the short-interval intracortical inhibition (SICI) protocol in order to investigate intracortical inhibition within the primary motor cortex prior to rTMS that has been assumed to be mediated by gamma-aminobutyric acid receptor A (GABA A ) (Kujirai et al., 1993; Ziemann, 2004) . In this protocol, a supra-threshold test stimulus (TS, adjusted to 1 mV) is suppressed if a sub-threshold conditioning stimulus (CS at 80% AMT) is applied 2 ms prior to TS over the same hemisphere. Ten trials with single pulses (TS) and ten trials with paired pulses (CS + TS) were recorded in alternating order.
Behavioral iTBS-effects
Motor performance of both hands were assessed before and about 15 min after each iTBS session in patients. Three tasks were used to assess different aspects of motor behavior: (i) maximum grip force (GF) measured with a vigorimeter (Martin, Tuttlingen, Germany), (ii) maximum index finger tapping (FT) frequency averaged from five blocks of 5 s, and (iii) the Jebsen Taylor Hand Function Test (JTT) that is a reaction time test for object manipulation of everyday life (Jebsen et al., 1969) . The JTT was implemented with all subtests except "writing" as this subtask was too difficult for some of the patients (Celnik et al., 2007; .
Electrophysiological iTBS-effects
Electrophysiological iTBS-effects were investigated using singlepulse TMS performed with the eXimia NBS system version 3.2.1 (Nexstim, Helsinki, Finland). Stereotaxic frameless neuronavigation ensured that TMS parameters were always obtained from the same position (i.e., the motor hotspot of the FDI muscle). The stimulator output intensity best suited to evoke MEPs with peak-to-peak amplitudes close to 1 mV from the FDI muscle at rest was identified at baseline (SI 1mV ). Using this stimulator output intensity, fifteen MEPs elicited by single-pulse TMS with an inter-stimulus interval of 7 s were recorded from the contralateral FDI at baseline and about 5 min after iTBS. Analyses of variance (ANOVA) and post-hoc t-tests were used to evaluate significant intervention effects.
Improvement score
To investigate changes in motor performance of the affected hand after iTBS compared to control-TBS composite motor improvement scores were calculated based on changes in GF, FT, and JTT (Rehme et al., 2011b; Ward et al., 2003) based on changes in GF, FT, and JTT as described below. The advantage of a composite improvement score is that it is less prone to extreme values or fluctuations in one of the subtests, which is particularly relevant for patients' populations. Furthermore, using one instead of three test-scores prevents the problem of multiple testing. First, changes after each TBS session were expressed in percent relative to the pre-stimulation baseline. Then, changes following control-TBS were subtracted from those following iTBS over M1. Finally, these values were z-standardized and entered as variables into factor analyses with principal component extraction (principal component analysis, PCA, as implemented in SPSS version 21). Thus, the motor improvement score reflected a summary measure of changes in motor performance of the affected or unaffected hand after iTBS compared to control-TBS and baseline. Negative factor values reflect less improvement than the average across the group of patients.
Functional magnetic resonance imaging (fMRI)
We implemented a block design, in which subjects performed visually paced rhythmic fist closures with their affected or unaffected hand. Fist closures were performed at two different movement frequencies: (i) a fixed frequency of 0.8 Hz and (ii) a frequency individually adjusted to motor performance (40% of the maximum frequency of the respective hand). The fixed frequency condition was implemented to compare neural activity (between groups or hands) with similar absolute number of movements in one block (resulting, e.g., in similar absolute motor output and re-afferent signals). The adjusted frequency condition was implemented to compare neural activity during movements with similar degree of difficulty. We additionally used the fist-closure frequency of the affected hand as parameter behavioral regressor in the General Linear Model (GLM) to test for correlations between motor performance and connectivity estimates (see below).
The movement frequencies were visually paced by a red blinking circle on a white background presented on a TFT-screen visible via a mirror attached to the MR head coil. Blocks of hand movements (15 s) were separated by resting baselines (13 s plus 0-1.5 s jitter), in which a black screen instructed the subject to rest until instructions were displayed for 1.5 s, indicating which hand to move in the subsequent block. The order of conditions was pseudo-randomized and counterbalanced for each subject. The whole experiment lasted~18 min. Subjects were trained outside and inside the scanner until they reached stable performance. During the experiment, motor performance was monitored by an MR compatible camera (installed in the scanner room at the foot end of the scanner bed), and analyzed off-line with respect to fist-closure frequencies. 2.6. Image acquisition and processing MR images were acquired on a 3 Tesla Siemens MAGNETOM TIM Trio scanner (Siemens, Erlangen, Germany). High-resolution anatomical T1-weighted images were acquired using the standard imaging parameters (time of repetition (TR) = 2000 ms, voxel size = 1 × 1 × 1 mm 3 ). For functional imaging, a gradient-echo planar imaging (EPI) sequence with the following parameters was employed: TR = 2070 ms, TE = 30 ms, voxel size = 3.1 × 3.1 × 3.1 mm 3 31 axial slices. Slices covered the brain from the vertex to lower parts of the cerebellum. Each fMRI session consisted of 537 EPI volumes.
Functional MRI data were analyzed using SPM8. EPIs from patients with a right-sided lesion were mirrored at the midsagittal plane so that for the whole group all lesions were situated within the left hemisphere. To control for hemispheric effects of flipping, EPI volumes of an equal fraction of healthy controls were processed in the same way. "Art_slice" (ArtRepair, http://cibsr.stanford.edu/tools/human-brain-project/ artrepair-software.html) was used to detect and repair "outlier" slices resulting, e.g. from excessive head movements. The software default threshold was applied to all subjects and resulted in well-tolerable 6.1% of slices being repaired. After spatial realignment, "art_global" was additionally used to detect outlier volumes that either differed considerably in global intensity (i.e., variation in global intensity > 1.3%) or exhibited high scan-to-scan head motion (> 0.5 mm/TR). The outlier volumes were repaired by interpolation between the nearest intact (i.e., non-repaired) scans.
After realignment of the EPI volumes, all volumes were spatially normalized to the standard template of the Montreal Neurological Institute employing the unified segmentation approach (Ashburner and Friston, 2005) . Individual lesion masks (based on the lesion extent derived from the T1 scans) were used as cost function during segmentation, and the resulting deformation parameters were applied to the individual EPI volumes. Finally, data were smoothed using an isotropic Gaussian kernel of 8 mm full-width-at-half-maximum (FWHM).
For the first-level analysis, boxcar vectors of each condition were convolved with the canonical hemodynamic response function as implemented in SPM8 in the framework of a general linear model (GLM). The head movement parameters as estimated by the realignment procedure were used as nuisance regressors in the design matrix.
Voxel-based lesion symptom mapping (VLSM)
To determine whether iTBS-effects detected at the behavioral level depended on lesion location, we performed a voxel-based lesionsymptom mapping (VLSM) analysis with MRIcron (Bates et al., 2003) . Lesion masks were interactively constructed based on the T1 image of each patient, and then subsequently normalized to MNI. A non-parametric Liebermeister quasi-exact test was used to identify those voxels that differentiated between patients showing a positive response following iTBS (according to the improvement score) compared to those with less or missing response.
In stroke patients suffering from motor deficits, the integrity of the corticospinal tract (CST) is an important predictor for recovery (Stinear et al., 2012) . To assess whether also the iTBS response is related to the integrity of the CST, the degree of CST damage was estimated based on probabilistic myeloarchitectonic maps (Burgel et al., 1999) . Accordingly, individual lesion masks were superimposed upon the probability map data as implemented in the SPM Anatomy Toolbox (Eickhoff et al., 2005) . CST damage was defined as intersection volume of individual lesions relative to the total CST volume Volz et al., 2015) . These intersection volumes where then correlated with individual iTBS responses using VLSM as implemented in MRIcron.
Dynamic causal modeling (DCM)
We used deterministic bilinear DCM8 (Friston et al., 2003) as implemented in SPM8 to assess effective connectivity between the regions activated by the motor task. An important advantage of DCM is that it does not work on the level of the BOLD signal which is a slow and regionally inhomogeneous signal, but rather uses a biophysically validated hemodynamic model to decompose the measured data into underlying neuronal signal and hemodynamic effects (Friston et al., 2003) . DCM, therefore, represents an advanced additional analysis for fMRI data that enables mechanistic inference on the interactions of areas of a network that drive functional activations.
As DCMs are computed on the single subject level, we extracted the first eigen variate of the fMRI time-series, adjusted for effects of no interest, from 8 regions-of-interest (ROIs) with 4 mm radius were defined at subject's specific coordinates of activation maxima based on individually normalized SPMs. The ROIs consisted of M1, SMA and vPMC, representing core regions of the motor system and were extracted from respective SPM-T-contrast images in each subject from both hemispheres using a threshold of P < 0.001 (uncorrected) (Witt et al., 2008) . We chose vPMC rather than dPMC as vPMC neurons are especially engaged in grasping hand movements, while dPMC neurons are predominantly engaged in arm/reaching movements Rizzolatti and Luppino, 2001) . The preference of vPMC for hand motor function was also reflected by the fMRI data of the present study that clearly showed a separable vPMC cluster while dPMC was only weakly activated, and the area of activation extended typically into the M1 activation cluster (Fig. 4 ). Based on structural connectivity data derived from invasive studies in macaque monkeys (Boussaoud et al., 2005; Luppino et al., 1993; McGuire et al., 1991; Rouiller et al., 1994) , we assumed endogenous connections (DCM-A-matrix). As hand movements were triggered by a blinking visual cue, we assumed that activity in premotor areas (SMA, vPMC) was driven by visual cortex activity (V1) (Fig. 4) . Therefore, we included V1 as the input regions modeled in the DCM-C-matrix (Eickhoff et al., 2008; Grefkes et al., 2008a; Rehme et al., 2013; Rehme et al., 2011a) . Please note that none of the lesions in the patient group affected any of the ROIs.
Bayesian model selection
We assumed that all motor ROIs are intrinsically connected with each other (DCM-A-matrix) based on findings of invasive tract tracing studies obtained in macaque monkeys (McGuire et al., 1991; Rouiller et al., 1994) . Based on the DCM-A-matrix, we set up 36 alternative models of varying complexity reflecting biologically plausible hypotheses on interregional coupling. The first model (model 1) assumed that all possible connections were modulated by the hand motor task ("fully connected model"). Based on this model with 30 connections, connectivity was systematically varied by omitting one (model 2-5, Suppl. Fig. S2A ), two (model 6-11, Suppl. Fig. S2B ), three (model 12-15, Suppl. Fig. S2C ) or four interhemispheric connections (model 16, Suppl. Fig. S2D ). All models assuming asymmetric interregional coupling were mirrored at the midsagittal plane (model 17-18, Suppl. Fig. S2E ; model 19-23, Suppl. Fig. S2F ; model 24-27, Suppl. Fig. S2G ; model 28, Suppl. Fig. S2H ) if the mirrored counterpart was not already tested. Finally, a less complex model assuming only reciprocal intrahemispheric connections between all three regions and interhemispheric connections between homologous regions was tested (model 29, Suppl. Fig. S2I ) and modified by omitting one (model 30-32; Suppl. Fig.  S2J ), two (model 33-35, Suppl. Fig. S2K ) or all three (model 36, Suppl. Fig. S2L ) interhemispheric connections. For all models, V1 served as sensory input region (DCM-C) onto all premotor areas (i.e. SMA and vPMC bilaterally) as movements were driven by a blinking visual cue. We then used random-effects Bayesian model selection (BMS) to identify the model with highest evidence given the data (Stephan et al., 2009 ).
Statistical analysis of DCM coupling parameters
The statistical significance of the coupling parameters of the model with highest expected probability was tested by means of one-sample, two-sided t-tests (P < 0.05, FDR-corrected for multiple comparisons). Furthermore, coupling parameters were correlated with behavioral or electrophysiological parameters using linear correlations. In order to account for the heterogeneity of the patient sample with respect to clinical parameters, i.e., time since stroke, CST damage and lesion volumes, these factors were included as covariates in the correlation analyses.
In order to investigate whether combining parameters from fMRI, behavioral assessments and TMS yields better prediction of behavioral iTBS-aftereffects than simple Pearson correlations, we entered these variables into a linear regression model (as implemented in IBM SPSS Statistics, version 21; method: enter). The iTBS improvement score was defined as "dependent variable". For the first model, DCM connectivity parameters showing a significant (P < 0.05) Pearson correlation or a statistical trend (P < 0.1) were defined as a block of independent variables. For the second model, the Action Research Arm Test (ARAT) scoreas index of the behavioral deficit -was added as another independent variable in addition to the connectivity parameters. For the subsequent models, the different TMS parameters (resting/active/1 mV motor thresholds, SICI) were entered as additional independent variables. A model was considered significant when passing a statistical threshold of P < 0.05. Baseline motor performance was not correlated with iTBS aftereffects.
Results
Feasibility
ITBS was well tolerated by all subjects without any side effects. In one subject (P04), 1 mV MEPs could not be obtained from the ipsilesional hemisphere as the 1 mV threshold exceeded 100% stimulator output. This subject was excluded when computing iTBS-effects on MEP amplitudes, but included in all other analyses in order to maximize statistical power. Furthermore, one patient (P14) had to be excluded from the neuroimaging analysis due to excessive head movements (> 3 mm) during fMRI, but was included for assessing the iTBS-effects on MEP amplitudes.
Intermittent TBS (iTBS)
Effects of iTBS on cortical excitability
Motor thresholds (RMT, AMT) were not significantly different between stroke patients and control groups, neither for the ipsilesional nor for the contralesional hemisphere (independent t-tests; P > 0.1 for all comparisons). In contrast, 1 mV thresholds were significantly smaller in the patient's group compared to the healthy control group, for both the affected and the unaffected hemisphere (P < 0.05 for each comparison). However, there was no statistically significant difference in 1 mV thresholds between the hemispheres, neither for patients nor controls. SICI was significantly weaker in the ipsilesional hemisphere of the patient group relative to controls (patients: 0.69, controls: 0.43; P = 0.045; higher values denote less inhibition), while there was no difference to control subjects in SICI for the contralesional hemisphere (patients: 0.54, controls: 0.46; P = 0.62). Hence, stroke patients showed a reduction of inhibitory activity in the lesioned hemisphere, which is in line with earlier studies (e.g., Takechi et al., 2014) .
We next tested for iTBS-effects on MEP amplitudes in chronic stroke patients. Accordingly, we performed a repeated-measure ANOVA with the factors INTERVENTION (M1-iTBS, control-iTBS) and HEMISPHERE (ipsilesional, contralesional) on percent changes in MEP amplitudes after stimulation. This analysis yielded a significant HEMISPHERE x INTERVENTION interaction (F (1,12) = 8.70; P = 0.012). t-tests on the relative change of MEP amplitudes showed that iTBS over ipsilesional M1 significantly increased MEPs in the stimulated, ipsilesional hemisphere compared to control stimulation (mean increase: 39%, P = 0.032). In contrast, MEP amplitudes in the contralesional hemisphere were significantly decreased after iTBS of ipsilesional M1 compared to control stimulation (mean decrease: -28%; P = 0.024) (Fig. 2) . Hence, iTBS over ipsilesional M1 lead to a relative increase of excitability of the stimulated hemisphere, and a concurrent decrease of excitability of the non-stimulated hemisphere suggesting an increased transcallosal inhibition.
Effects of iTBS on behavioral data
We performed a repeated measure ANOVA with the factors GROUP (patients, controls) and HAND (affected, unaffected) for each of the three motor tasks (JTT, FT, GF). For each tasks, we found a significant GROUP X HAND effect (P < 0.005). Post hoc t-tests confirmed that motor performance of the stroke-affected hand was significantly reduced for all three motor tests (JTT, FT, GF) as compared to the healthy controls (P < 0.01 for each comparison) while the unaffected hand was similar to that of the healthy control group.
Repeated-measures ANOVAs with the factors INTERVENTION (M1-iTBS, control-iTBS) and HAND (affected, unaffected) were computed to investigate the effect of M1-iTBS on motor performance (in percent of baseline) for each of the three motor tasks in stroke patients. None of the ANOVAs yielded a significant main effect or interaction (at least P > 0.15 for all comparisons). The average group effect of iTBS on motor performance in this sample of patients was, therefore, not statistically significant.
However, a more detailed analysis (Table 2) revealed that this null result on the group level could be attributed to the high interindividual variance of the responses with some patients showing improvement (e.g., up to 17.6% in JTT; P09) while others showed deterioration (e.g., up to −32.5% in JTT; P04). Here, positive values indicate an improvement after M1-iTBS as compared to control stimulation. Based on these behavioral iTBS-effects we were interested whether the behavioral susceptibility to ipsilesional M1-iTBS can even better be inferred from pre-interventional measurements using TMS and neuroimaging.
Correlation analyses
Correlation between TMS-parameters and M1-iTBS-effects
We first tested, whether electrophysiological TMS parameters of excitability and inhibition at the M1 stimulation site indicated positive behavioral responses following ipsilesional iTBS. Correlation analyses between behavioral improvements after iTBS (improvement score) and electrophysiological TMS parameters at baseline (RMT, AMT, SICI) provided no significant results, neither for the affected nor for the unaffected hand. Likewise, we did not find significant correlations (P > 0.1) between iTBS-induced changes in MEP amplitudes and the TMS parameters. Hence, TMS parameters of the stimulated, ipsilesional M1 did not predict iTBS after-effects.
Correlation between lesion location and M1-iTBS-effects
We next computed a voxel-based lesion symptom mapping (VLSM) analysis in order to test whether lesion location was related to the iTBS aftereffect. There was a negative correlation between iTBS motor improvement score and estimated CST damage (P < 0.05, FDR-corrected). Plotting voxels showing significant effects revealed that especially patients with lesions of the CST at the level of paraventricular white matter were less likely to respond to iTBS (Fig. 3) .
Correlation between fMRI activity and M1-iTBS-effects
Compared to healthy controls, stroke patients featured stronger and more widespread neural activity when moving their affected hand (P < 0.05, FWE-corrected at the cluster-level; Fig. 4 ). Overactivity was not only observed in the lesioned, but also in the contralesional (i.e., "healthy") hemisphere. Similar results were found for both fixed and adjusted movement frequencies (Fig. 4) . However, individual activity levels did not correlate with the improvement score, even at uncorrected levels, neither for the fixed nor adjusted frequency. Hence, there was no brain region in which neural activity was predictive for behavioral improvements following excitability-enhancing iTBS.
Connectivity analyses
We next sought to investigate whether connectivity parameters may predict iTBS after-effects in chronic stroke patients.
Model selection
According to the random-effects Bayesian model selection, the fully connected model (model 1) showed the best model fit in both groups (exceedance probability: 99.55% in controls and 99.64% in patients) (Suppl. Fig. S3 ), and was used for all subsequent connectivity analyses.
DCM connectivity
Endogenous connectivity (DCM-A) describes network interactions independent of experimental conditions, i.e., the constant or fixed part of interregional coupling for a given experimental setting. In the control group, endogenous coupling was symmetrically organized within and between hemispheres ( Fig. 5A ; P < 0.05, FDR-corrected). In the patient group, coupling strengths were generally smaller, and fewer connections became significant (Fig. 5A ). Likewise, with respect to the specific effect that the movement conditions exerted on interregional coupling (DCM-B), we found weaker effects in the patients' group ( Fig. 5B ; P < 0.05, FDR-corrected). Here, especially inhibitory effects on contralesional M1 exerted by ipsilesional M1, ipsilesional SMA, and contralesional vPMC were significantly weaker in patients compared to healthy controls during movements of the affected hand ( Fig. 5C ; P < 0.05, FDR-corrected).
Motor network connectivity and M1-iTBS effects
To investigate whether interindividual variations in connectivity parameters predict behavioral M1-iTBS-effects, we correlated the coupling parameters with the iTBS motor improvement score. Accordingly, we found the stronger the promoting influence from ipsilesional SMA onto ipsilesional M1, and the stronger the inhibition originating from ipsilesional M1 onto contralesional M1, the more likely a patient showed improvements in hand motor function after facilitatory iTBS applied to the ipsilesional hemisphere. Both correlations were highly significant (SMA IL -M1 IL : r = 0.709; M1 IL -M1 CL : r = −0.764; P < 0.05, FDR-corrected; Fig. 6 ). This effect remained significant when computing partial correlations, corrected for differences in time since stroke, lesion size and CST damage.
In addition, at uncorrected p-values, there was a statistical trend for higher M1-iTBS improvement scores with stronger endogenous coupling of ipsilesional vPMC onto ipsilesional M1 (r = 0.523; P = 0.066) as well as a significant effect for the influence from contralesional M1 onto ipsilesional M1 (r = − 0.557, P = 0.048). Positive values = improvement after M1-iTBS as compared to control stimulation; JTT = Jebsen Taylor Hand Function test; FT = finger tapping frequency; GF = maximum grip force; Imp Score = Improvement Score (factorial analysis. 1st component). 
Multivariate prediction of M1-iTBS-effects
Finally, we computed linear regression models (as implemented in IBM SPSS statistics) in order to test whether combining parameters from fMRI, TMS and behavioral assessments might yield a better prediction of behavioral iTBS-aftereffects than simple Pearson correlations (variance explained: 58%).
Indeed, combining the four endogenous connectivity parameters showing a significant correlation or a statistical trend with the iTBS improvement score in a multiple regression analysis yielded a correlation coefficient of r = 0.87 (r 2 = 0.76; F (4,12) = 6.27; P = 0.014). Adding the ARAT (representing the behavioral deficit) to the model increased the prediction to r = 0.91 (r 2 = 0.82; F (5,12) = 6.33; P = 0.016; all betas positive except for the connection M1 IL -M1 CL ). In contrast, adding any of the TMS parameters did not further improve the model. In summary, the combination of connectivity parameters and clinical deficits assessed prior to stimulation allowed the best prediction of the behavioral M1-iTBS-aftereffects, explaining 82% of the variance. 
Discussion
In line with previous studies, iTBS applied to ipsilesional M1 significantly increased ipsilesional M1 excitability and decreased contralesional M1 excitability (Di Lazzaro et al., 2008; Di Lazzaro et al., 2010) . Despite these significant neurophysiological effects, we found no group effect of iTBS on motor performance of the affected hand due to a considerable amount of interindividual variability in motor test scores. However, the variability of the behavioral response after iTBS correlated with the endogenous connectivity state of the stimulated motor cortex. This relationship was anatomically specific as only connections originating or targeting the stimulated M1 were indicative for an improvement of motor performance after iTBS, compared to control stimulation. But also the anatomical location of the brain lesion was related to the iTBS response. Here, patients with lesions of the CST were less likely to respond to iTBS.
However, the best prediction of the motor improvement score was achieved by combining these coupling parameters and the ARAT as clinical parameter into a linear regression analysis, which explained over 80% of motor improvement following M1-iTBS. In contrast, other parameters like BOLD signal strength or TMS indicators of excitability and inhibition did not predict M1-iTBS after-effects.
Variability of rTMS/TBS
Our data revealed that TMS parameters are poor predictors for M1-iTBS response in stroke patients. Similar conclusions have also been drawn from recent studies in healthy subjects, which also did not find a link between motor thresholds (RMT and AMT) or MEP size and M1-iTBS-aftereffects (Hamada et al., 2013; Nettekoven et al., 2015) . The variability of stimulation aftereffects following rTMS interventions remains poorly understood. Animal experiments suggest that excitatory rTMS protocols like iTBS predominantly interact with certain classes of inhibitory interneurons expressing parvalbumin and calbindin (Funke and Benali, 2011; Volz et al., 2013) . However, pharmacological studies with human subjects indicate that the response to iTBS at least partially depends on NMDA-receptor activity (Huang et al., 2007) . Therefore, iTBS seems to interfere with various neuronal processes that might explain the complexity and variability of the stimulation aftereffects on the behavioral and electrophysiological level observed in a large Fig. 5 . A Endogenous connectivity in patients and controls (DCM-A-matrix, P < 0.05, FDR-corrected). B Modulatory effects on effective connectivity in patients and controls during movements of the affected and unaffected hand (DCM-B-matrix, P < 0.05, FDR-corrected). C Synopsis: Differences between patients and controls. Green arrows = positive coupling (facilitation); Red arrows = negative coupling (inhibition); Dashed arrows =significant weaker coupling in patients as compared to controls; White arrows = no significant differences between patients and controls. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) number of rTMS/TBS studies including the present study (Di Lazzaro et al., 2011; Hamada et al., 2012; Talelli et al., 2012) .
Biological variability in stroke patients
In stroke patients, further biological variance is introduced by interindividual differences in lesion size, lesion location, the amount of small-vessel disease induced white matter changes, time-since-stroke, as well as differences in medication and post-stroke treatment/rehabilitation (Adeyemo et al., 2012; Cramer, 2008) . Therefore, it is well conceivable that for this population stimulation responses are even more heterogeneous than in healthy subjects. We here tried to account for these factors by using them as covariates in the statistical analyses.
While some studies reported a beneficial effect of rTMS/TBS on motor function in stroke patients (Ackerley et al., 2016; Kim et al., 2015) , other studies found no measurable stimulation effects on motor performance (Malcolm et al., 2007; Talelli et al., 2012) or even deterioration of hand motor function following rTMS/TBS (Ackerley et al., 2010; Ameli et al., 2009) . The present study underlines the problem of the generalizability iTBS protocol effects on changes in motor performance with some patients improving and some patients deteriorating (compared to control stimulation; cf. Table 2 ). However, all patients in the present study were in the chronic stage (> 12 months post-stroke). Given the fact that cellular mechanisms facilitating plasticity and reorganization are up-regulated especially in the first weeks and months after stroke (Cramer, 2008) , one hypothesis is that in patients with chronic motor stroke, iTBS effects are more difficult to achieve (Hsu et al., 2012; Volz et al., 2016) . Especially the combination of iTBS and motor training may further stimulate cortical plasticity and improve motor performance Wang et al., 2011) . In addition to the time interval after stroke, a high degree of motor impairment and the absence of MEPs have been demonstrated to constitute negative predictors for a beneficial iTBS effect (Lai et al., 2015) .
Interestingly, as the presence of MEPs depends on corticospinal tract integrity, a similar conclusion is supported by the present study, as here patients with stronger anatomical CST damage were less likely to respond to iTBS.
Neuroimaging and iTBS-effects
In line with the findings of the present study, a number of neuroimaging studies consistently demonstrated that patients with stroke-induced motor deficits show changes in motor system activity in both hemispheres during movements of the paretic hand (Grefkes et al., 2008b; Rehme et al., 2011a; Ward et al., 2003; Weiller et al., 1992) . Ameli and colleagues demonstrated that patients with stronger neural activity in ipsilesional M1 show better behavioral responses to excitatory 10 Hz rTMS applied to ipsilesional M1 (Ameli et al., 2009 ). However, our data revealed no association between pre-interventional neural activity levels and behavioral responses stimulation with iTBS. Apart from differences in stimulation parameters, the discrepant findings might result from differences in patient populations. In the study by Ameli et al. (2009) much more patients had lesions in the motor cortex leading to reduce neural activity in this region. Most likely, in patients with larger structural deficits within the stimulation field fewer cortices can be recruited for plasticity-enhancing effects mediated by rTMS (Adeyemo et al., 2012) .
Motor network connectivity and iTBS-effects
In contrast to neural activation levels, we found highly significant associations between endogenous connectivity of the stimulated M1 and behavioral effects. Our data suggested that two specific motor network characteristics allow prediction of motor improvements of the affected hand after M1-iTBS ( Fig. 3) : (i) pronounced promoting influences from ipsilesional SMA onto ipsilesional M1, and (ii) pronounced Fig. 6 . Correlation of iTBS effect on motor performance and pre-interventional connectivity estimates. Only two connections were strongly associated with behavioral iTBS-effects. A stronger coupling between ipsilesional SMA and ipsilesional M1 a well as a stronger inhibitory effect of ipsilesional M1 on contralesional M1 indicated a better motor response following iTBS (P < 0.05, FDR-corrected).
inhibition from ipsilesional M1 onto contralesional M1. Furthermore, there was a statistical trend for better M1-iTBS response in patients with stronger ipsilesional vPMC-M1 connectivity and contralesional to ipsilesional M1 coupling. Combining these parameters in a linear regression analysis resulted in an even better prediction of the behavioral M1-iTBS-effects. Of note, all these effects were found for the endogenous connectivity matrix that reflects the constant part in coupling across all conditions of one experimental setting (i.e. independent from single experimental conditions). This finding suggests that intervention effects of iTBS that is applied in different sessions and even in different conditions (subjects were stimulated during rest) seem to depend on specific connections strengths rather than their task-specific modulation. These connections further correlated with behavioral impairments of patients, thereby establishing a link to disease-induced changes in corticocortical connectivity. First, they all affect M1 of the lesioned hemisphere, i.e., the motor cortex stimulated by iTBS. In addition, they match data from previous studies which showed that these connections relate to motor recovery (Rehme et al., 2011a) and -at least for the SMA-M1 connection -to stimulation aftereffects following iTBS (Cardenas-Morales et al., 2011) . Furthermore, several experiments demonstrated that even simple hand movements depend on interactions within an entire network of areas rather than on M1 activity only (Grefkes et al., 2008a; Pool et al., 2013 Pool et al., , 2014 Ward and Cohen, 2004; Witt et al., 2008) . In a recent study, we investigated the interregional interactions in healthy subjects when performing fist-closures at different movement frequencies . These data showed that movements at higher frequencies are associated with a linear increase in neural coupling strength, especially from SMA contralateral to the moving hand onto contralateral, active M1 . This finding indicates that SMA contributes to variations in hand motor performance. Moreover, several studies demonstrated that TMS has affects interconnected brain regions including SMA, premotor areas and M1 (Bestmann et al., 2003; Esser et al., 2006; Grefkes et al., 2010; Hamada et al., 2009) . We recently showed that in healthy subjects iTBS applied to M1 is associated with enhanced resting-state connectivity of M1 with ipsi-and contralateral premotor areas including SMA . Therefore, it appears reasonable to conclude that behavioral effects upon M1-stimulation also depend on how effective the stimulation region is integrated into the motor system (which is exactly what DCM coupling parameters reflect) (Friston et al., 2003) . It is interesting to note that also stronger inhibitory influences from ipsilesional onto contralesional M1 predicted better iTBS responses. Findings from DCM studies have shown that stronger interhemispheric inhibition from ipsilesional to contralesional M1 is typically found in patients with better motor recovery . Thus, one interpretation of this finding is that in subjects with stronger interhemispheric M1-M1 inhibition, iTBS of ipsilesional M1 might lead to a more effective suppression of the unaffected hemisphere, thereby correcting imbalances in interhemispheric competition . The finding that iTBS of ipsilesional M1 also effects neural processing in the contralesional hemisphere is also supported by the electrophysiological data of the present study showing a significant decrease of MEP amplitudes upon stimulation of contralesional M1 (Fig. 2) . Moreover, Di Lazzaro and colleagues could demonstrate similar effects for acute stroke patients (Di Lazzaro et al., 2008) .
Clinical impairment and iTBS-effects
It is a somewhat surprising result that those connections showing a significant association with iTBS-effects in stroke patients in the current study (Fig. 6) were not significantly different from those observed in healthy controls. In other words, connections that were different between patients and controls did not correlate with iTBS-aftereffects. This discrepancy might be explained by the heterogeneity of our sample of patients in terms of lesion size, CST damage and time since stroke. Our results revealed that patients with lesions of the CST (at the level of paraventricular white matter) were less likely to respond to iTBS (Fig. 3) . Hence, location of the lesion plays a crucial role for individual iTBS response. However, when accounting for variance in partial correlations, we found a significant relationship between endogenous connectivity of the lesioned hemisphere and motor impairment in terms of the maximum fist closure frequency of the paretic hand that closely resembles the fMRI task used to compute the DCMs. In healthy controls, there was no relationship between motor performance (i.e., maximum fist closure frequency) and DCM coupling strength suggesting a link between motor deficits, connectivity and coupling parameters. Therefore, abnormal coupling strengths that reflect the network pathology after stroke may differ from those connections that predict the treatment response to iTBS. As outlined above, a number of studies revealed several factors in healthy subjects that are associated with a better individual response to rTMS/iTBS (Freitas et al., 2011; Hamada et al., 2012; Kleim et al., 2006) . We have shown in a recent connectivity study with healthy subjects that variations in the endogenous coupling strength between premotor areas (SMA, vPMC) and M1 (i.e., the same motor areas as in the present study) predict the individual iTBS response in terms of increases in excitability within 25 min post-stimulation (Cardenas-Morales et al., 2013) . Therefore, one possible conclusion is that in our sample of relatively mildly affected stroke patients the response to M1-iTBS also depends on physiological variations in motor network connectivity rather than stroke-specific changes. This hypothesis is, unfortunately, difficult to test as for obvious reasons we have no data on the pre-morbid state of connectivity in these patients. In addition, this hypothesis is challenged by findings reported in other connectivity studies which showed that neural couplings between ipsilesional SMA and M1, ipsilesional vPMC and M1 as well as between ipsilesional M1 and contralesional M1 are significantly reduced in the first days and weeks after stroke, and typically increase over time the better subjects recover (Grefkes et al., 2008b; Rehme et al., 2011a) . However, the results of such an analysis would not change the primary conclusion of this study that the response to excitability-enhancing iTBS might depend on the capacity for functional integration of activity in the stimulated area within the motor network.
Limitations
One point that is always discussed in studies using TMS is the control stimulation. We decided to deliver the control stimulation over the parieto-occipital vertex because a recent study reported no difference in the perception of real and sham stimulation (Herwig et al., 2010) . While this stimulation has been shown to result in comparable skin sensations compared to stimulation with the center of the coil touching the skin (cf. Herwig et al., 2010) , it effectively increases the coil-cortex distance, hence rendering an effective stimulation of neural tissue highly unlikely. We have used a similar setup in earlier rTMS studies and did not find any effect the control stimulation site neither on MEPs nor on fMRI connectivity . Another limitation is that the clinical evaluator was not blinded to the stimulation condition. However, please note that the motor performance tests were highly standardized and relatively easy to perform (i.e., finger tapping recordings with a computer, grip force measurements with a vigorimeter). Further evidence that the lack of blinding of the experimenters did not have a strong impact on the can be found in the data as some patients improved and some patients deteriorated. Hence, there was no systematic bias in favor for a specific behavioral aftereffect when assessing motor performance. Importantly, the analysis of the imaging data including the connectivity analysis was completely blinded with respect to which patients improved and which not.
Furthermore, as discussed above, previous studies have already shown that rTMS interventions interfere with connectivity not only at the stimulation site but also at remote areas and that these changes correlate with behavioral improvements (Grefkes et al., 2010) . However, the primary goal of the present study was to investigate whether interindividual differences in effective connectivity within the motor system impact on the behavioral response following non-invasive brain stimulation in chronic stroke patients. Therefore, the additional question of M1-iTBS-effects on motor system connectivity has to be addressed in future studies. Furthermore, we cannot answer the question whether the connections related to iTBS in the group of stroke patients also predict behavioral after-effects in healthy subjects. In the past we have shown for a different sample of healthy subjects undergoing a slightly different motor paradigm, there were no correlations between iTBS effects on motor performance and pre-interventional connectivity assessed with DCM (Cardenas- Morales et al., 2014) . However, the ultimate proof for a specificity of the effects found in the present study with respect to stroke needs to be tested in future studies. Furthermore, multiple sessions of iTBS (over several days) in combination with a motor training would have revealed different results with respect to both behavioral effects and brain connectivity. We are aware that a more homogeneous group of first-ever stroke patients with confined lesions similar time since stroke and lesion volumes together with pronounced impairments might have yielded a similar or even better result. However, in practice, such samples are not only rather difficult to recruit, but also reduces the generalizability and hence the validity of the findings.
Conclusion
Our data show that stronger coupling within the activated motor network predict iTBS-induced stimulation effects. The results of the present study are encouraging as they pave the way to identify neuroimaging markers for the success of specific brain stimulation protocols. However, future studies with larger sample sizes are needed to identify reliable cut-off values for rTMS/TBS effects. Furthermore, longitudinal studies are needed, in which TBS sessions are combined with physiotherapy in order to increase motor improvements (Fregni et al., 2006; Khedr et al., 2005Volz et al., 2016 . Here, functional neuroimaging and connectivity analyses might help to identify those patients that are likely to profit from such an intervention.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.nicl.2017.06.006.
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